INTRODUCTION {#s1}
============

Porcine epidemic diarrhea virus (PEDV) is a member of the genus *Alphacoronavirus* within the family *Coronaviridae*. Its ∼28-kb genomic RNA (gRNA) contains six known open reading frames, encoding the replicase polyproteins (pp1a and pp1ab), four structural proteins (spike \[S\], envelope \[E\], membrane \[M\], and nucleocapsid \[N\]), and an accessory protein (ORF3). The glycoprotein S mediates receptor binding and membrane fusion during virus entry and harbors major viral neutralizing epitopes. PEDV classical strains (genogroup 1 \[G1\]) emerged in the United Kingdom in 1971 and caused endemic outbreaks in many European and Asian countries. In 2010, highly virulent PEDV strains (G2) emerged in China, and these viruses have since spread to North America, Europe, and other Asian countries and have caused epidemic outbreaks, resulting in massive mortality in neonatal piglets ([@B1][@B2][@B3]). PEDV was first detected in U.S. swine in 2013 and caused the death of 7 million pigs within 1 year, leading to \$0.9 to \$1.8 billion in economic losses ([@B4], [@B5]).

To prevent and control the deadly disease, the U.S. Department of Agriculture has conditionally licensed two PEDV vaccines. One is a viral vector-based S subunit vaccine (Harrisvaccines Inc. \[acquired by Merck & Co.\]), and the other is an inactivated vaccine (Zoetis Inc.). Nevertheless, the efficacies of these vaccines remain questionable ([@B6][@B7][@B8]). Together with knowledge about vaccines for other swine enteric viruses, such as rotavirus and transmissible gastroenteritis virus (TGEV) ([@B9], [@B10]), oral immunization of sows with a live attenuated vaccine (LAV) is a promising approach to protect newborn piglets against the highly virulent PEDV. PEDV LAVs based on classical (G1) strains have been applied in Asian countries ([@B11]), but their efficacies against the emerging highly virulent (G2) strains were minimal, probably due to the antigenic difference between the S proteins of G1 and G2 strains ([@B12]). To develop G2 PEDV LAVs, we and other research groups have previously applied the traditional method of attenuation via serially passaging virulent G2 isolates in Vero cells ([@B13][@B14][@B20]). Although these LAV candidates were attenuated sufficiently in pigs, they usually failed to consistently induce adequate protective immunity against challenge with the virulent G2 strains ([@B16], [@B20]). One potential reason is that multiple mutations have accumulated in the S genes of the Vero cell-adapted PEDVs ([@B14], [@B21]). These mutations may alter the antigenicity of the S proteins and impair viral immunogenicity *in vivo*, leading to decreased efficacy. Therefore, a better strategy for PEDV LAVs should be to maintain the critical epitopes in the S protein that are conserved in the wild-type viruses to retain optimal immunogenicity. The major concern for LAVs is the safety issue caused by point mutations and recombination in the field. Therefore, the PEDV LAV should harbor rationally introduced mutations in multiple locations in the viral genome to reduce the potential for reversion to virulence. Such a vaccine candidate can be generated using an infectious cDNA clone of a virulent PEDV strain ([@B22]).

Similar to those of other coronaviruses (CoVs) ([@B23]), the PEDV replicase polyproteins are processed into 16 nonstructural proteins (nsps) that are responsible for viral replication, transcription, translation, etc. The 5′ end of each viral genomic RNA and subgenomic mRNA (sgmRNA) contains cap structures: an N-7 methylated guanosine nucleoside (m7GpppN) (cap 0) and a methyl group at the 2′-*O*-ribose position (cap 1) of the first nucleotide. These cap structures are critical for the effective translation of viral proteins and evasion of host innate immunity ([@B24], [@B25]). Methylation of the two sites in the 5′ cap are catalyzed by three nsps, nsp14 (the N-7 methyltransferase \[MTase\] domain), nsp16 (the 2′-*O*-MTase), and nsp10 ([@B26][@B27][@B30]). CoV nsp16 contains a catalytic tetrad (amino acid residues K, D, K, and E) that is directly responsible for its enzymatic activity ([@B27], [@B31]). Inactivation of nsp16 has been demonstrated to be an effective approach to rationally design LAV candidates for CoVs, since this viral protein is highly conserved among CoVs, and the recombinant viruses carrying mutations in nsp16 are usually viable. It has been documented that introduction of a D130A substitution into the nsp16 of severe acute respiratory syndrome CoV (SARS-CoV) ([@B32]) and Middle East respiratory syndrome CoV (MERS-CoV) ([@B33]) or an equivalent D129A substitution into mouse hepatitis virus (MHV) ([@B34]) attenuated these CoVs in mice. A subsequent study also demonstrated that inactivation of both nsp16 and the exonuclease domain of nsp14 further attenuated SARS-CoV in mice, with increased genetic stability ([@B35]). Moreover, primary infection with the recombinant SARS-CoV fully protected mice from lethal challenge with virulent virus, suggesting that a CoV with its 2′-*O*-MTase abolished could be a universal LAV platform for additional mutations.

In this study, we applied this knowledge to PEDV to generate and evaluate an LAV platform using the virulent PEDV infectious cDNA clone icPC22A as the backbone ([@B22]). PEDV mutants with nsp16 inactivated were generated, with partial (D129A) or complete (KDKE^4A^) replacement of the catalytic tetrad. To achieve a higher level of attenuation and reduce the potential for reversion, we inactivated the endocytosis signal in the cytoplasmic tail of the S protein of KDKE^4A^ and generated KDKE^4A^-SYA. We demonstrated previously that inactivation of the endocytosis signal partially attenuated the virulent icPC22A in neonatal piglets without altering major neutralizing epitopes ([@B36]). Lack of this signal also caused more S proteins to be transported to the cell surface, potentially leading to improved recognition of the PEDV mutant by the host immune system. In the present study, we evaluated the virulence, immunogenicity, and genetic stability of KDKE^4A^ and KDKE^4A^-SYA mutants in neonatal gnotobiotic (Gn) pigs. We also characterized their ability to trigger interferon (IFN) responses *in vitro*.

RESULTS {#s2}
=======

Generation of PEDV mutants. {#s2.1}
---------------------------

Structural and biochemical studies of SARS-CoV nsp16 revealed that replacement of each residue in the catalytic tetrad K~46~-D~130~-K~170~-E~203~ with alanine significantly inactivated 2′-*O*-MTase activity ([@B27], [@B31]). First, we modeled the 3-dimensional (3D) structure of PEDV nsp16 and found that the putative catalytic tetrad K~45~-D~129~-K~169~-E~202~ is highly homologous to the counterpart in SARS-CoV ([Fig. 1B](#F1){ref-type="fig"} and [C](#F1){ref-type="fig"}). Next, we introduced a single alanine substitution (D129A) or quadruple alanine substitutions (K45A-D129A-K169A-E202A \[designated the KDKE^4A^ mutant\]) into the catalytic tetrad of the 2′-*O*-MTase of icPC22A to generate two recombinant PEDV mutants ([Fig. 1A](#F1){ref-type="fig"}). Finally, a third mutant, KDKE^4A^-SYA, was constructed by inactivating both K-D-K-E and the endocytosis signal (Y1378A) of the S protein ([Fig. 1D](#F1){ref-type="fig"}). All three nsp16 mutants (D129A, KDKE^4A^, and KDKE^4A^-SYA) were rescued in Vero cells. Supernatants containing the rescued viruses were harvested (passage 0 \[P0\]), and single clones of each mutant were purified by plaque assay. The complete genomic sequence of each PEDV mutant was verified by Sanger sequencing.

![(A) Alignment of partial amino acids of nsp16 among wild-type (WT) SARS-CoV (SARS-WT), WT PEDV (PEDV-WT), and PEDV mutants (PEDV-D129A and PEDV-KDKE^4A^). The catalytic tetrad KDKE residues are in red. The introduced alanine substitutions are shown in blue. The numbers in gray indicate how many residues in nsp16 are not shown. (B) 3D model of the structure of PEDV nsp16. Residues of the putative catalytic tetrad are shown in red. (C) 3D structure alignment of SARS-CoV nsp16 (cyan) and PEDV nsp16 (gray). The KDKE residues of SARS-CoV are shown in blue, and those of PEDV are shown in red. (D) Diagram of introduced mutations in the KDKE^4A^-SYA mutant. In the amino acid sequence, the motif YEVF is in red and the motif KVHVQ is in blue. The mutated amino acids or nucleotides are in bold. The stop codon in the S protein is indicated as a dot. The predicted 6-nucleotide TRS of ORF3 is underlined.](JVI.00406-19-f0001){#F1}

Inactivation of 2′-*O*-MTase decreased viral replication and antagonism to IFN-β pretreatment in Vero cells. {#s2.2}
------------------------------------------------------------------------------------------------------------

We characterized the phenotypes of the recombinant PEDVs in Vero cells. In the growth curves ([Fig. 2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"}), the D129A mutant replicated similarly to the virulent icPC22A, including similar peak infectious titers ([Fig. 2C](#F2){ref-type="fig"}). The D129A mutant and icPC22A also formed plaques of similar size ([Fig. 2D](#F2){ref-type="fig"}). In contrast, KDKE^4A^ and KDKE^4A^-SYA replicated to significantly lower peak titers than icPC22A (*P* \< 0.05). As we demonstrated previously, the SYA mutation (Y1378A in the S gene) enhanced the ability of the mutant icYA to induce cell-cell fusion and produce large plaques ([@B36]). Thus, the KDKE^4A^-SYA mutant produced larger plaques and replicated more efficiently at early time points than the KDKE^4A^ mutant. It has also been documented that the SARS-CoV and MERS-CoV nsp16 mutants were more sensitive to IFN-β responses in cell culture than the wild-type viruses ([@B32], [@B33]). We compared the replication of the recombinant PEDVs in Vero cells that were pretreated with different concentrations of IFN-β ([Fig. 2E](#F2){ref-type="fig"}). IFN-β pretreatment inhibited the replication of icPC22A in a dose-dependent manner. Although all the nsp16 mutants produced significantly lower titers of progeny viruses than the virulent icPC22A, the KDKE^4A^ and KDKE^4A^-SYA mutants were more sensitive to higher concentrations of IFN-β than the D129A mutant. Since the mutation Y1378A is located in the transcriptional regulatory sequence (TRS) of ORF3 ([Fig. 1D](#F1){ref-type="fig"}), the subgenomic mRNA-3 (sgmRNA-3) levels in the icYA- and KDKE^4A^-SYA-infected Vero cells were about one log~10~ unit lower than that in the icPC22A-infected cells ([Fig. 2G](#F2){ref-type="fig"}).

![Growth kinetics, plaque sizes, and sensitivity to IFN-β pretreatment of recombinant PEDVs in Vero cells. (A and B) Growth curves of recombinant PEDVs in Vero cells at MOI of 0.005 (A) and 1 (B). (C) Peak titers of each recombinant PEDV within 60 hpi in the multistep growth curve (MOI = 0.005). (D) Plaques of recombinant PEDVs in Vero cells. The cells were fixed and stained at 50 hpi. (E) Sensitivities of recombinant PEDVs to IFN-β pretreatment in Vero cells. The cells were pretreated with different concentrations of IFN-β and inoculated with the individual viruses. ND, nondetectable. (F to H) Real-time RT-qPCR quantification of PEDV genomic RNA (F), sgmRNA-N (H), and sgmRNA-3 (G) in PEDV-infected Vero cells at 10 hpi. (C and E) Groups with significant differences (*P* \< 0.05) are indicated with different letters. (B, F, H, and G) Groups that were significantly different from the icPC22A group are indicated with asterisks (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.005; \*\*\*\*, *P* \< 0.001). The error bars indicate standard deviations.](JVI.00406-19-f0002){#F2}

D129A, KDKE^4A^, and KDKE^4A^-SYA mutants induced stronger IFN responses than icPC22A *in vitro*. {#s2.3}
-------------------------------------------------------------------------------------------------

Recent studies have highlighted the fact that type III IFNs, including IFN-λ1, -λ3, and -λ4, play a significant role in inhibiting PEDV infection *in vitro* ([@B37], [@B38]). It has also been reported that the MHV nsp16 D129A mutant induced stronger IFN-β production than the wild-type virus in murine macrophages ([@B34]). To evaluate whether the nsp16-inactivated PEDV mutants triggered enhanced type I and type III IFN responses in infected cells, we infected a swine intestinal epithelial cell line (IPEC-DQ) with icPC22A, UV-inactivated icPC22A, or the PEDV mutants at a multiplicity of infection (MOI) of 1. The cells were mock treated or transfected with poly(I·C) as the negative and positive controls. The growth curve analysis showed that the KDKE^4A^ and KDKE^4A^-SYA mutants replicated to significantly lower titers than the other viruses at 9 and 12 h postinoculation (hpi) ([Fig. 3A](#F3){ref-type="fig"}). We quantified the mRNAs of swine IFN-α, -β, -λ1, -λ3, and -λ4 in the infected cells ([Fig. 3B](#F3){ref-type="fig"} to [F](#F3){ref-type="fig"}). Compared with the virulent icPC22A, the D129A, KDKE^4A^, KDKE^4A^-SYA, and icYA mutants induced significantly higher mRNA levels of all the IFNs at 9 and 12 hpi. The UV-inactivated icPC22A did not stimulate IFN responses. Next, we performed luciferase assays to examine whether infection with the mutant PEDVs activated the IFN-λ1 and -β promoters at 9 and 12 hpi ([Fig. 3G](#F3){ref-type="fig"} and [H](#F3){ref-type="fig"}). The IFN promoters were not activated in the icPC22A-infected or mock-treated cells. However, the D129A, KDKE^4A^, and KDKE^4A^-SYA mutants activated the IFN-λ1 and -β promoters and induced significantly stronger luciferase activities in IPEC-DQ cells than icPC22A (*P* \< 0.05). Collectively, these data suggest that the PEDV D129A, KDKE^4A^, and KDKE^4A^-SYA mutants triggered stronger type I and type III IFN production in infected cells than the virulent PEDV icPC22A.

![Induction of type I and type III IFN mRNAs by recombinant PEDVs in the swine intestinal epithelial cell line IPEC-DQ. (A) Growth curves of recombinant PEDVs in IPEC-DQ cells (MOI = 1). (B to F) Relative cellular mRNA levels of swine IFN-α, IFN-β, IFN-λ1, IFN-λ3, and IFN-λ4. IPEC-DQ cells were inoculated with recombinant PEDVs (MOI = 1) or UV-inactivated icPC22A, mock treated, or stimulated with poly(I·C). Total RNA was extracted at 0, 9, and 12 hpi and quantified by reverse transcription followed by real-time qPCR. The values are fold changes compared with mock treatment using the 2^−ΔΔ^*^CT^* method. (G and H) Activation of the IFN-β promoter (G) and IFN-λ1 promoter (H) in IPEC-DQ cells by recombinant PEDVs was quantified by luciferase reporter assays. At each time point, groups with significant differences were analyzed by one-way ANOVA followed by Dennett's test by comparing each group with icPC22A (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \<0.005; \*\*\*\*, *P* \< 0.001; NS, not significant). The error bars indicate standard deviations.](JVI.00406-19-f0003){#F3}

KDKE^4A^ and KDKE^4A^-SYA mutants were attenuated to different extents in neonatal piglets. {#s2.4}
-------------------------------------------------------------------------------------------

Compared with the D129A single mutant, the KDKE^4A^ and KDKE^4A^-SYA mutants replicate less effectively and are more sensitive to IFN-β responses *in vitro*. We investigated their pathogenesis and immunogenicity in neonatal Gn piglets. In the first 16 days postinoculation (dpi), no clinical signs or mortality was observed for pigs in the mock-inoculated group ([Table 1](#T1){ref-type="table"}). All eight icPC22A-inoculated piglets had severe diarrhea and died within 6 dpi (100%; 8/8). All KDKE^4A^-inoculated piglets had severe diarrhea, and one piglet died at 10 dpi (16.7%; 1/6). In comparison, only one KDKE^4A^-SYA-inoculated piglet had severe diarrhea for 1 day, and no pigs died ([Fig. 4A](#F4){ref-type="fig"}). The KDKE^4A^- and KDKE^4A^-SYA-infected piglets had significantly lower and delayed peak infectious PEDV shedding titers than the virulent-icPC22A-inoculated pigs (2.12 ± 1.96 and 3.24 ± 1.94 versus 5.44 ± 0.82 PFU/ml; *P* \< 0.05) ([Table 1](#T1){ref-type="table"}). No significant differences were observed in the amounts of infectious PEDV in the rectal swabs ([Fig. 4C](#F4){ref-type="fig"}) and intestinal contents ([Fig. 4E](#F4){ref-type="fig"}) between KDKE^4A^- and KEKE^4A^-SYA-inoculated pigs at the same time point. The IFN-α levels in the sera collected from the two pigs euthanized at 2 dpi did not differ significantly among the three groups ([Fig. 4F](#F4){ref-type="fig"}). PEDV N proteins were visualized in the epithelial cells of the jejunum and ileum in PEDV-inoculated piglets using immunohistochemistry (IHC) staining ([Fig. 5A](#F5){ref-type="fig"}). The severity of villous atrophy in the infected pigs was quantified by measuring the ratio between villus height and crypt depth (VH/CD ratio) of each villus. The two mutants induced significantly milder villous atrophy in the jejunum and ileum than icPC22A, and the KDKE^4A^-SYA mutant induced significantly milder villous atrophy in the ileum than the KDKE^4A^ mutant ([Fig. 5B](#F5){ref-type="fig"}) (*P* \< 0.05). Collectively, these data suggest that the inactivation of the catalytic tetrad K-D-K-E in the nsp16 protein significantly attenuated the highly virulent PEDV in neonatal piglets, and the additional inactivation of the endocytosis signal in the S protein further reduced its virulence.

###### 

Summary of clinical signs and PEDV shedding in Gn piglets after PEDV inoculation (1 to 12 dpi)

  Group          No. of pigs   Mortality rate \[% (no/total)\][^*a*^](#T1F1){ref-type="table-fn"}   Severe diarrhea rate[^*b*^](#T1F2){ref-type="table-fn"} \[% (no/total)\]   Onset of diarrhea (dpi)                 Duration (days) of severe diarrhea (FC[^*b*^](#T1F2){ref-type="table-fn"} = 3)   Duration (days) of diarrhea (FC*^b^* ≥ 2)   Peak mean fecal infectious PEDV shedding titer (log~10~ PFU/ml); dpi   Peak mean fecal PEDV N RNA shedding titer (log~10~ copies/ml); dpi
  -------------- ------------- -------------------------------------------------------------------- -------------------------------------------------------------------------- --------------------------------------- -------------------------------------------------------------------------------- ------------------------------------------- ---------------------------------------------------------------------- --------------------------------------------------------------------
  icPC22A        8             100 (8/8)A[^*c*^](#T1F3){ref-type="table-fn"}                        100 (8/8)A                                                                 1.00 ± 0.00B                            NA (\>3)                                                                         NA (\>3)                                    5.44 ± 0.82A; 1                                                        12.03 ± 0.55A; 1
  KDKE^4A^       8             17 (1/6)B                                                            100 (8/8)A                                                                 2.00 ± 0.65A                            3.33 ± 2.34A                                                                     10.5 ± 1.38A                                2.12 ± 1.96B; 1.5                                                      9.82 ± 1.38B; 1.5
  KDKE^4A^-SYA   7             0 (0/5)C                                                             14 (1/7)B                                                                  1.57 ± 0.19A                            0.20 ± 0.45B                                                                     8.40 ± 0.89B                                3.24 ± 1.94B; 1.5                                                      11.08 ± 1.30AB; 1.5
  Mock           7             0 (0/6)C                                                             0 (0/7)C                                                                   NA[^*d*^](#T1F4){ref-type="table-fn"}   0.00 ± 0.00B                                                                     0.00 ± 0.00C                                NA                                                                     NA

Two diarrheic piglets from the KDKE^4A^ and KDKE^4A^-SYA groups and one mock-treated piglet were euthanized at 2 dpi for histopathological examination and were excluded from calculation of the mortality rate.

Fecal consistency (FC) was scored as follows: 0, solid; 1, pasty; 2, semiliquid; and 3, liquid. FC scores of 2 and 3 were considered moderate diarrhea and severe diarrhea, respectively.

Different letters denote significant differences between groups (*P* \< 0.05).

NA, not available.

![Pathogenicity of the recombinant PEDVs in Gn piglets. (A) Survival curves. Piglets were monitored within 12 dpi. The data were analyzed by log rank test (\*\*\*\*, *P* \< 0.001). Two diarrheic piglets from the KDKE^4A^ and KDKE^4A^-SYA groups and one pig from the mock group were euthanized at 2 dpi for histopathological examination and excluded from calculation of mortality rates. (B) Fecal consistency scores of pigs within 16 dpi. Each dot represents the score of an individual pig; each line indicates the mean scores of a group. A pig with a score of ≥2 was defined as having diarrhea. (C) Infectious PEDV shedding titers in rectal swabs within 48 hpi. Each dot represents the titer of an individual pig; each box represents the interquartile range, the line in the box represents the median, and the whiskers show the range of a group of values. Groups at the same time point with significant differences (*P* \< 0.05) are indicated with different letters; NS, not significant. (D) PEDV RNA shedding titers in rectal swabs within 11 dpi. Each symbol represents the titer of the PEDV N gene in 1 ml or gram of rectal swab sample from an individual piglet collected daily; each line indicates the mean values of a group. Values below the detection limit (dotted line at 4.8 log~10~ copies/ml) were considered negative. (E) Infectious PEDV titers in the small-intestinal contents collected from the pigs that died or were euthanized at 2 dpi. (F) IFN-α concentrations in sera collected from the pigs that died or were euthanized at 2 dpi. (E and F) Values in the mutant groups were compared with those in the virulent-icPC22A group by Student\'s *t* test (NS, not significant).](JVI.00406-19-f0004){#F4}

![Histopathological examination of piglets euthanized at 2 dpi. (A) Immunohistochemistry staining of PEDV N proteins (brown signals) in jejunum and ileum sections from piglets (magnification, ×200). (B) VH/CD ratios for piglets. Twenty villi of each intestinal section were measured. Groups with significant differences (*P* \< 0.05) are indicated with different letters. The error bars indicate standard deviations.](JVI.00406-19-f0005){#F5}

The KDKE^4A^ and KDKE^4A^-SYA mutants induced protection against virulent icPC22A challenge in pigs. {#s2.5}
----------------------------------------------------------------------------------------------------

At 21 dpi, the surviving pigs were challenged with the highly virulent icPC22A at a high dose (10^6^ PFU/pig) ([Table 2](#T2){ref-type="table"}). No mortality was observed in the KDKE^4A^- and KDKE^4A^-SYA-inoculated groups, whereas two mock-challenged pigs died 6 or 7 days postchallenge (dpc) ([Fig. 6A](#F6){ref-type="fig"}). By 9 dpc, no KDKE^4A^-SYA-inoculated pig had diarrhea and only one KDKE^4A^-inoculated pig had mild diarrhea for 1 day. However, all the mock-challenged pigs developed severe diarrhea for 7.17 ± 0.98 days ([Table 2](#T2){ref-type="table"} and [Fig. 6B](#F6){ref-type="fig"}). No infectious PEDV was detected in the rectal swab samples from pigs in the KDKE^4A^-SYA-inoculated group, and only one sample from one pig in the KDKE^4A^-inoculated group was PEDV positive for 1 day, with a low infectious titer of 0.22 log~10~ PFU/ml. However, all the mock-challenged pigs shed high titers of infectious PEDV in the feces from 2 to 4 dpc ([Fig. 6C](#F6){ref-type="fig"}). In fecal PEDV RNA-shedding profiles, the trend of the RNA shedding in the KDKE^4A^ and KDKE^4A^-SYA groups did not change significantly. In contrast, the mock-challenged pigs shed significantly higher titers of infectious PEDV from 2 to 4 dpc and viral RNA from 2 to 9 dpc than the KDKE^4A^ and KDKE^4A^-SYA groups (*P* \< 0.05). We also determined the viral neutralizing (VN) antibody titers in the sera collected at 14 dpi/−7 dpc, 21 dpi/0 dpc, and 30 dpi/9 dpc ([Fig. 6E](#F6){ref-type="fig"}). Primary infection of the two PEDV mutants in piglets elicited VN antibodies before challenge, and the challenge significantly boosted titers at 30 dpi/9 dpc, which were significantly higher than those of the mock-challenged pigs (*P* \< 0.05). In summary, infection with KDKE^4A^ and KDKE^4A^-SYA of 4-day-old piglets induced 80% and 100% protection, respectively, against diarrhea following subsequent challenge with virulent icPC22A.

###### 

Clinical signs and PEDV shedding in pigs postchallenge with the highly virulent icPC22A (1 to 9 dpc)

  Group            No. of pigs   Mortality rate \[% (no/total)\]               Diarrhea rate \[% (no/total)\][^*a*^](#T2F1){ref-type="table-fn"}   Duration (days) of severe diarrhea (FC = 3)[^*a*^](#T2F1){ref-type="table-fn"}   Duration (days) of diarrhea (FC ≥ 2)[^*a*^](#T2F1){ref-type="table-fn"}   Peak mean fecal infectious PEDV shedding titer (log~10~ PFU/ml)   Peak mean fecal PEDV N RNA shedding titer (log~10~ copies/ml); dpc
  ---------------- ------------- --------------------------------------------- ------------------------------------------------------------------- -------------------------------------------------------------------------------- ------------------------------------------------------------------------- ----------------------------------------------------------------- --------------------------------------------------------------------
  KDKE^4A^         5             0 (0/5)B[^*b*^](#T2F2){ref-type="table-fn"}   20 (1/5)B                                                           0.00 ± 0.00B                                                                     0.20 ± 0.44B                                                              0.04 ± 0.09B                                                      6.32 ± 0.52B; 3
  KDKE^4A^-SYA     5             0 (0/5)B                                      0 (0/5)C                                                            0.00 ± 0.00B                                                                     0.00 ± 0.00B                                                              0.00 ± 0.00B                                                      5.28 ± 0.91B; 3
  Mock challenge   6             33 (2/6)A                                     100 (6/6)A                                                          4.50 ± 2.43A                                                                     7.17 ± 0.98A                                                              2.79 ± 1.03A                                                      10.29 ± 0.76A; 3

Fecal consistency (FC) was scored as follows: 0, solid; 1, pasty; 2, semiliquid; and 3, liquid. FC scores of 2 and 3 were considered moderate diarrhea and severe diarrhea, respectively.

Different letters indicate significant differences between groups (*P* \< 0.05).

![Induction of cross-protection by nsp16 mutants in Gn pigs against icPC22A challenge. (A) Survival curves of pigs by 9 dpc. (B) Fecal consistency scores of pigs postchallenge. Each dot represents the score of an individual pig; each line indicates the mean scores of a group. A pig with a score of ≥2 was defined as having diarrhea. (C) Fecal infectious PEDV shedding titers of pigs postchallenge. Each dot represents the titer of an individual pig; each box represents the interquartile range, and the line in the box represents the median; the whiskers show the ranges of a group of values. (D) Fecal PEDV RNA shedding profile of pigs after challenge. Each symbol represents the copies of the N gene in 1 ml or gram of rectal swab sample from an individual piglet; each line indicates the mean values of a group. Values below the detection limit (4.8 log~10~ copies/ml) were considered negative. (E) VN antibody titers in sera collected at different time points. (C and E) Groups at the same time point with significant differences (*P* \< 0.05) are indicated with different letters; NS, not significant.](JVI.00406-19-f0006){#F6}

The introduced mutations in the KDKE^4A^-SYA mutant were stable after passaging three times in pigs. {#s2.6}
----------------------------------------------------------------------------------------------------

The reversion to virulence of an LAV represents a safety concern for its use in livestock. The KDKE^4A^-SYA mutant harbors 11 nucleotide substitutions in its genome and induced 100% protection in neonatal pigs. We evaluated the genetic stability of the introduced mutations by serially passaging the virus in pigs three times ([Fig. 7](#F7){ref-type="fig"}). The viral genome in the intestinal contents at the third passage was verified by Sanger sequencing. No sequence alteration was found in the nine introduced mutations ([Fig. 7B](#F7){ref-type="fig"}). The virus has acquired one synonymous mutation in nsp12, two synonymous mutations in nsp15, and one nonsynonymous (F375L) mutation in the S1 subunit ([Fig. 7C](#F7){ref-type="fig"}). We sequenced the nsp16 and S cytoplasmic tail region from the rectal swab samples from KDKE^4A^-infected (*n* = 5) and KDKE^4A^-SYA-infected (*n* = 5) pigs collected at 16 to 20 dpi and did not find any reversion of the introduced mutations (data not shown). Due to the low PEDV RNA titers (ranging from 5.17 to 8.90 log~10~ N gene copies/ml) in these rectal swab samples, we were not able to amplify sufficient amounts for complete genomic sequencing of the mutants. Collectively, these data indicate that the introduced mutations in the catalytic tetrad of PEDV nsp16 and the cytoplasmic tail region in S were stable *in vivo*.

![The introduced mutations in KDKE^4A^-SYA were stable after passaging in pigs successively three times. (A) Experimental design of the *in vivo* passaging. The days of each passage in the pig are indicated. (B) Comparison of the introduced mutations in the KDKE^4A^-SYA genome before (inoculum) and after (3rd passage) passaging three times. The positions of the residues in each viral protein are indicated as subscripts. (C) Mutations occurred in the remaining genome of the 3rd passage of KDKE^4A^-SYA. Additional mutations are marked in red. RdRp, RNA-dependent RNA polymerase; EndoU, endoribonuclease; S1, S1 subunit of the S protein.](JVI.00406-19-f0007){#F7}

DISCUSSION {#s3}
==========

The emergence and reemergence of enteric CoVs in swine, including PEDV ([@B2]), porcine deltacoronavirus (PDCoV) ([@B39]), and swine acute diarrhea syndrome (SADS)-CoV ([@B40]), have raised concerns about their economic impacts on the global pork industry. Because these CoVs cause clinically similar gastroenteritis but induce no cross-neutralization in pigs ([@B41]), it is necessary to develop effective and safe LAVs against each individual CoV. The nsp16 protein of CoVs is highly conserved among CoVs ([@B33]), representing a suitable mutagenesis target for this purpose. In the current study, we used PEDV as an example to validate this concept. We evaluated the virulence of recombinant PEDVs bearing the inactivated viral 2′-*O*-MTase of nsp16 in newborn Gn pigs and characterized their protective efficacies in pigs against challenge with the highly virulent PEDV. By combining the inactivation of nsp16 2′-*O*-MTase activity and the endocytosis signal of the S protein, we showed that the KDKE^4A^-SYA mutant was more attenuated and induced better protection than KDKE^4A^ against the virulent-PEDV challenge. We also confirmed that the introduced mutations in the KDKE^4A^-SYA genome were stable after passaging the mutant virus in Gn pigs three times. Currently, both G1 and G2 PEDV strains are circulating among pigs in different countries. Two subtypes of PEDV are cocirculating in the United States, the highly virulent original U.S. PEDV strains (e.g., PC22A) and the clinically milder S-INDEL PEDV strains (e.g., Iowa106) ([@B42]). Previous studies demonstrated that live S-INDEL strains induce partial cross-protection against challenge with the original U.S. PEDV ([@B7], [@B43]), although the two subtypes of PEDV induced similar levels of VN antibodies in serum and their VN antibodies cross-reacted to each other ([@B44]). Sera collected in this study also cross-neutralized the S-INDEL strain Iowa106 at the same level in Vero cells (data not shown). Further pig experiments are needed to examine whether the original U.S. PEDV-based KDKE^4A^-SYA mutant induces sufficient protection against challenge with a heterologous S-INDEL PEDV strain. However, the original U.S. PEDV strains should be the main target of PEDV LAVs due to their high virulence and prevalence in the field.

The catalytic tetrad K-D-K-E is highly conserved in the 2′-*O*-MTases of not only the *Coronaviridae*, but also other viral families ([@B45]). We showed that, consistent with the attenuated phenotype of similarly engineered CoVs ([@B32][@B33][@B34]), flaviviruses ([@B46][@B47][@B48]), and paramyxovirus ([@B49]), PEDV mutants without 2′-*O*-MTase activity were attenuated in neonatal Gn piglets and became more vulnerable to innate immune responses ([Fig. 2E](#F2){ref-type="fig"}). The KDKE^4A^ mutant harbored four alanine substitutions in the catalytic tetrad, different from the previously reported nsp16-inactivated MHV, SARS-CoV, and MERS-CoV, which contained only one amino acid mutation (D129A or D130D). It has been shown that replacing each of the 4 residues with alanine almost completely abolished the 2′-*O*-MTase activity of the Escherichia coli-expressed, SARS-CoV nsp16 *in vitro* ([@B27], [@B31]). Our study demonstrated for the first time that a CoV lacking all the K-D-K-E residues was still viable both *in vitro* and *in vivo*. This design also improved the safety of this PEDV LAV candidate, because the 2′-*O*-MTase activity of nsp16 can be restored only when all four alanine substitutions revert to K-D-K-E. The PEDV D129A mutant was not evaluated in pigs because we speculate that the single mutant might be more virulent than the KDKE^4A^ mutant, similar to the observations for the D130A mutants of SARS-CoV and MERS-CoV ([@B32], [@B33]). Unlike the SARS-CoV and MERS-CoV D130A mutants, which replicated equivalently to the wild type, the KDKE^4A^ mutant replicated to lower titers ([Fig. 2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"} and [3A](#F3){ref-type="fig"}) and generated smaller plaques ([Fig. 2D](#F2){ref-type="fig"}) than the parental icPC22A virus in Vero cells. One potential reason is that the K-D-K-E residues may have other, unknown functions in viral replication. It is also possible that the PEDV D129A mutant may still retain marginal 2′-*O*-MTase activity, whereas the KDKE^4A^ mutant may have completely lost this enzymatic activity. Substantial evidence to support this point can be obtained by quantification of the percentage of 2′-*O*-methylated viral RNAs between the mutants using radioactive-labeling approaches. The less efficient replication of KDKE^4A^ or KDKE^4A^-SYA in Vero cells may be a drawback for the large-scale production of PEDV LAVs. This issue can be overcome by using engineered cell lines that can support effective replication of the mutants. It has been reported that the replication of the MHV D129A mutant was also poor in wild-type macrophages but was enhanced in interferon-induced protein with tetratricopeptide repeats 1 (IFIT 1)-knockout macrophages ([@B34]). Alternatively, stable expression of wild-type nsp16 in a cell line may compensate for the inactivated catalytic tetrad function in the mutants and restore virus propagation *in vitro*, although this cell line may facilitate the reversion of nsp16-inactivated mutants *in vitro*.

Similar to infection with other enteric RNA viruses ([@B50], [@B51]), PEDV infection elicits both type I and type III IFNs that trigger innate immune responses in pigs. IFN-α and -β secreted by various immune and epithelial cells are known to induce antiviral effects systemically but do not act to clear enteric viral pathogens or restrict their replication in epithelial cells. In contrast, IFN-λ1, -λ3, and -λ4 are mainly produced by epithelial cells and activate antiviral responses at mucosal sites ([@B37], [@B38]). However, several studies have reported that PEDV-infected epithelial cell lines did not express significantly increased amounts of type I and type III IFNs in the early stage of infection (usually within 12 to 24 h) ([@B37], [@B52][@B53][@B55]), probably due to inhibition by multiple viral proteins. So far, it has been determined that at least 10 PEDV proteins suppress IFN production, including nsp1, nsp3, nsp5, nsp7, nsp14, nsp15, ORF3, E, M, and N ([@B37], [@B52], [@B53], [@B56][@B57][@B58]). For instance, inactivation of nsp15 (endoribonuclease) of a PEDV reduced its IFN antagonism, resulting in enhanced induction of both type I and type III IFNs *in vitro* and viral attenuation *in vivo* ([@B53]). In the present study, we also observed similar results for PEDV mutants with inactivated nsp16. These mutants triggered earlier IFN responses than icPC22A in IPEC-DQ cells, probably due to the 2′-*O*-methylation-free viral RNAs that triggered sensor molecule melanoma differentiation-associated protein 5 (MDA5). Inoculation with KDKE^4A^ and KDKE^4A^-SYA did not induce higher levels of IFN-α in the sera of pigs euthanized at 2 dpi ([Fig. 4F](#F4){ref-type="fig"}), which was likely due to the much more robust replication of the virulent icPC22A than of the two mutants *in vivo*. We could not determine the local IFN responses in the intestinal tissues, due to no pigs being euthanized at an early time point, e.g., within 24 hpi. Based on the study of Vero cell-adapted PEDV LAV ([@B20]), the level of host immune response correlates with the efficiency of viral replication in the intestines. The tendency to induce stronger local IFN responses at the early stage of infection by the nsp16-inactivated PEDV mutants may contribute to the overall immunogenicity, although the viruses replicate less robustly *in vivo*. Further investigation of infection with these PEDV mutants in pigs or porcine enteroid cultures may discover detailed mechanisms.

Compared with KDKE^4A^, the KDKE^4A^-SYA double mutant displayed a higher level of attenuation in piglets and induced better (100%) protection from diarrhea postchallenge with a high dose of the highly virulent PEDV icPC22A. The double mutant may induce improved immune responses in pigs, potentially due to the combined effects of the KDKE^4A^ and icYA mutants. The Y1378A mutation in the cytoplasmic tail of the S protein not only inactivates the endocytosis signal YEVF, but also disrupts the 6-nucleotide TRS of the ORF3 sgmRNA by 2 nucleotides ([Fig. 1D](#F1){ref-type="fig"}), resulting in decreased synthesis of sgmRNA-3 in the infected cells ([@B36]). Since PEDV ORF3 protein is an IFN antagonist ([@B37], [@B52]), the icYA mutant also induced higher type I and type III IFN responses than icPC22A in IPEC-DQ cells ([Fig. 3](#F3){ref-type="fig"}). Moreover, the inactivated endocytosis signal enhances the formation of syncytia, which may facilitate the spread of the KDKE^4A^-SYA mutant between cells during the early stage of infection. We observed that the KDKE^4A^-SYA mutant replicated to slightly higher titers than the KDKE^4A^ mutant at 1.5 dpi in piglets ([Table 1](#T1){ref-type="table"} and [Fig. 4D](#F4){ref-type="fig"}). The lack of this endocytosis signal increases the amount of S proteins being presented on the surfaces of the infected enterocytes, contributing to better T cell activation ([@B36]). Future studies on cellular immune responses to these mutants in pigs are warranted to increase understanding of the mechanisms of the enhanced attenuation and better immunity of KDKE^4A^-SYA than of KDKE^4A^.

Maintaining the genetic stability of CoV LAV candidates is critical for vaccine development. Recombinant CoVs with mutations in certain viral proteins are unstable *in vivo*. For example, after serial passaging in BALB/c mice for 20 days (10 times), a recombinant SARS-CoV lacking the entire E protein (SARS-CoV-ΔE) acquired an additional PDZ-binding motif (PBM) in the accessory protein 8a that compensated for the loss of the same motif in the E protein ([@B59]). In contrast, the catalytic tetrad in CoV nsp16 seems to be a stable target for mutagenesis. The SARS-CoV D130A mutant retained the two nucleotide substitutions in nsp16 after continuous replication in immune-deficient mice for 30 days ([@B35]). Similarly, we also showed that the nine nucleotide substitutions were stable in nsp16 of the *in vivo*-passaged KDKE^4A^-SYA ([Fig. 7](#F7){ref-type="fig"}) and in fecal samples collected at 16 to 20 dpi from the KDKE^4A^- or KDKE^4A^-SYA-infected pigs. After the three passages in pigs (total, 17 days), the genome of the KDKE^4A^-SYA mutant acquired one additional amino acid substitution in the S1 subunit and three synonymous mutations in nsp12 and nsp15 ([Fig. 7C](#F7){ref-type="fig"}). However, it is unlikely that the mutated S protein can compensate for the missing 2′-*O*-MTase activity of this PEDV mutant, but it would be interesting to evaluate the pathogenesis of the *in vivo*-passaged virus in pigs in the future. Notably, compared with young pigs, older animals have more mature immune systems and can induce stronger selective pressure for the introduced mutation. It is also necessary to evaluate the genetic stability of KDKE^4A^-SYA in adult pigs in the future.

Another approach to prevent potential reversion to virulent CoV is to introduce mutations in multiple genes with different functions. Under certain selective pressures *in vivo*, a mutation in one gene may revert to wild type, but an additional mutation may still be preserved and retain the attenuation. Also, two independent recombination events are required to revert two distant mutations to wild type when the LAV and a virulent virus coinfect a cell. One study showed that combined inactivation of nsp16 and nsp14 further reduced the reversion to virulence of the recombinant SARS-CoV *in vivo* ([@B35]). A similar effect was also observed in other recombinant SARS-CoVs with combined deletions in nsp1 and the E protein ([@B59]). In our study, combined mutations were made for KDKE^4A^ in nsp16 and endocytosis signal (Y1378A) in S. Interestingly, the removal of this endocytosis signal has occurred naturally in the S genes of Vero cell-adapted or field PEDV strains ([@B36]), suggesting that it is stable for PEDV replication *in vivo* and *in vitro*. Collectively, our data suggest that the engineered KDKE^4A^-SYA mutant was genetically stable in pigs.

Vaccination regimens, including vaccine doses, boosting, use of adjuvants, and timing, determine the efficacy of a PEDV LAV in PEDV-naive pigs. Neonatal piglets are not appropriate targets for PEDV vaccination due to rapid disease development and death in the first week of life. They are protected by acquiring PEDV-neutralizing antibodies via colostrum and milk from sows. Thus, stimulation of sufficient lactogenic immune responses in sows is the key to PEDV vaccination. In this study, we inoculated 4-day-old piglets with 100 PFU/pig of virulent icPC22A (equivalent to 100 to 1,000 median diarrhea doses \[PDD~50~\]) ([@B60]) or the mutants. The dose for oral immunization of sows may likely need to be increased, due to age-related decreased susceptibility ([@B61], [@B62]) and potential preexisting PEDV antibodies in older animals. The immunogenicity of KDKE^4A^ and/or KDKE^4A^-SYA mutants in pregnant sows also needs to be evaluated in the future. A recent study demonstrated that intramuscular inoculation of a virulent PEDV triggered intestinal infection in pigs ([@B63]), suggesting that oral vaccination may be combined with other routes to establish a better primary infection in the intestines of sows. Use of PEDV booster vaccines can be adapted from previous TGEV and rotavirus studies, in which administration of subunit or inactivated vaccines as boosters improved the efficacies of the oral LAVs ([@B64], [@B65]). Vitamin A and probiotics have been demonstrated to be effective adjuvants for rotavirus vaccines in pigs ([@B66], [@B67]). Moreover, the timing of vaccination significantly affects multiple immune parameters in sows. A recent study showed that PEDV infection in the second trimester of gestation stimulated the strongest protective immune responses in gilts compared with gilts inoculated in the first or third trimester ([@B68]).

In conclusion, we developed and evaluated a PEDV LAV candidate by combining inactivated 2′-*O*-MTase with an abolished endocytosis signal in the S protein. This mutant PEDV replicated less effectively but induced stronger type I and type III IFN responses in cell culture. Our data illustrate that this strategy is a safe and effective approach to developing LAVs against PEDV, as well as potentially other swine enteric CoVs.

MATERIALS AND METHODS {#s4}
=====================

Cells, plasmids, and reagents. {#s4.1}
------------------------------

Vero cells (ATCC number CCL81) were cultured in Dulbecco's modified Eagle's medium (DMEM) (Gibco, Carlsbad, CA) supplemented with 5% fetal bovine serum (FBS) and antibiotics/antimycotics (Gibco, Carlsbad, CA). IPEC-DQ is a subclone of the swine intestinal epithelial cell line IPEC-J2, which was generated previously ([@B37]). IPEC-DQ cells were cultured in RPMI 1640 (Gibco, Carlsbad, CA) supplemented with 10% FBS. The propagation of PEDV in Vero cells was described previously. After PEDV adsorption, the cells were maintained in DMEM or RPMI 1640 supplemented with 0.3% tryptose phosphate broth (TPB) (Sigma-Aldrich, St. Louis, MO) and 10 μg/ml trypsin (Gibco, Carlsbad, CA). Recombinant human IFN-β was purchased from PBL Assay Science (Piscataway Township, NJ). The sensitivity of Vero cells to the human IFN-β pretreatment was validated in previous reports ([@B32]). The coding sequences of wild-type nsp16 and nsp16 with the D129A or KDKE^4A^ mutation were cloned into the pXJ41 vector as described previously ([@B52]).

Dual-luciferase reporter assay. {#s4.2}
-------------------------------

The wild-type IFN-λ1 luciferase reporter construct \[p-55λ1-(−225/−36)-Luc\], the IFN-β luciferase reporter construct, and the assay were described previously ([@B37], [@B52]). The *Renilla* luciferase plasmid pRL-TK (Promega) was included as an internal control. Briefly, IPEC-DQ cells were grown in a 24-well plate at 70% confluence and transfected with the IFN-λ1- or IFN-β--luciferase plasmid (0.3 μg/well) and pRL-TK (0.03 μg/well) for 24 h. The cells were then infected with the PEDV mutants at an MOI of 1. Cell lysates were harvested at 0, 9, and 12 hpi, and luciferase activities were determined using a dual-luciferase reporter assay system (Promega, Madison, WI). Signals were obtained with a luminometer (Wallac 1420 Victor multilabel counter; Perkin Elmer, Waltham, MA).

Structural modeling and sequence alignment. {#s4.3}
-------------------------------------------

The 3D structure of PEDV nsp16 was modeled with the SWISS-MODEL (<https://swissmodel.expasy.org>) online tool using SARS-CoV nsp16 as the template ([@B27]). The structure alignment of SARS-CoV and PEDV nsp16 was performed by using the RCSB PDB protein comparison tool (<https://www.rcsb.org>).

Generation of mutant PEDVs from cDNA clones. {#s4.4}
--------------------------------------------

A set of five plasmids encoding the full-length genomic cDNA of PEDV strain PC22A (GenBank accession no. [KY499262](https://www.ncbi.nlm.nih.gov/nuccore/KY499262)) was generated previously ([@B22]). The point mutations were introduced into the wild-type plasmid using NEBuilder HiFi DNA assembly master mix (NEB, Ipswich, MA). All the plasmids were verified by Sanger sequencing. The recovery of the recombinant PEDVs from infectious cDNA clones was described previously ([@B69]). The plasmids were digested, purified, and mixed together in equal molar ratio. The full-length genomic cDNA was ligated with T4 ligase (NEB, Ipswich, MA) and transcribed into RNA using an mMessage mMachine T7 transcription kit (Ambion, Austin, CA, USA). The genomic RNA was mixed with PEDV N gene transcripts and electroporated into Vero cells cultured in medium supplemented with trypsin. After transfection, cytopathic effects (CPE) appeared within 2 days. The P0 viruses were harvested and subjected to plaque purification. A single clone of each PEDV mutant was propagated once in Vero cells to generate a viral stock (P1). The full-length genome of each virus stock was verified by Sanger sequencing. Additionally, the recombinant PEDV icYA bearing only the Y1378A mutation in the genome was generated previously ([@B36]) and was included in this study as a control.

Study design of the experimental infection of Gn pigs. {#s4.5}
------------------------------------------------------

All the animal experiments in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of The Ohio State University. Gn piglets were derived from two PEDV-naive sows. A total of 29 piglets were randomly divided into four groups, and 3 or 4 piglets in the same group were housed in one isolator, as described previously ([@B70]). At 4 days of age, Gn piglets were orally inoculated with recombinant PEDV KDKE^4A^ (*n* = 8; 100 PFU/pig), KDKE^4A^-SYA (*n* = 7; 100 PFU/pig), or icPC22A (*n* = 8; 100 PFU/pig) or mock inoculated (*n* = 7; phosphate-buffered saline \[PBS\]). The dose of PEDV corresponds to 100 to 1,000 PDD~50~ of the PC22A strain in 4-day-old cesarean-derived, colostrum-deprived piglets, as titrated by us previously ([@B60]). Two diarrheic piglets in the KDKE^4A^ and KDKE^4A^-SYA groups and one mock-treated piglet were euthanized at 2 dpi for histopathological examination and were excluded from the calculation of mortality rates. At 21 dpi, each surviving pig was challenged orally with 6 log~10~ PFU of icPC22A and housed for 9 more days to evaluate protection. We observed clinical signs, including diarrhea, vomiting, and anorexia. Rectal swabs were collected daily with two additional time points at 12 and 36 hpi (hours postchallenge \[hpc\]). The severity of diarrhea was scored based on the fecal consistency in individual pigs: 0, solid; 1, pasty; 2, semiliquid (mild diarrhea); and 3, liquid (severe diarrhea). The virus and viral RNA shedding titers in the rectal swab samples were determined by plaque assay and reverse transcription-quantitative PCR (RT-qPCR), respectively, as described previously ([@B71], [@B72]). Peripheral blood samples were collected at 14 dpi, 21 dpi (1 h before challenge), and 30 dpi (9 days postchallenge) to monitor the serum antibody titers. Histopathological examinations, including IHC staining of PEDV N antigens in jejunum and ileum tissues, were performed. Viral neutralizing antibody assays were performed as reported previously ([@B43]). Following our IACUC protocol, any moribund piglets that showed anorexia and dehydration over 24 h had to be euthanized based on the instructions of institutional veterinarians.

ELISA for IFN-α detection. {#s4.6}
--------------------------

The enzyme-linked immunosorbent assay (ELISA) for IFN-α detection was described previously ([@B68], [@B73]). Briefly, Nunc Maxisorp 96-well plates were coated with anti-porcine IFN-α (2.5 mg/ml; clone K9; R&D Systems, Minneapolis, MN) at 37°C overnight. Biotinylated anti-porcine IFN-α (3.75 mg/ml; clone F17; R&D Systems, Minneapolis, MN) was used for detection. The plates were developed, and cytokine concentrations were calculated based on the standard curve. The detection limit for the IFN-α assay is 4 pg/ml.

Evaluation of genetic stability of introduced mutations in the KDKE^4A^-SYA. {#s4.7}
----------------------------------------------------------------------------

To serially passage the mutant in Gn pigs, the small-intestinal contents (SIC) of a 4-day-old KDKE^4A^-SYA (the P1 virus)-infected pig euthanized at 3 dpi were collected. A second PEDV-naive piglet at 10 days of age was inoculated with the diluted SIC containing 100 PFU of the P1 virus. At 4 dpi, the piglet was euthanized, and the SIC were collected (P2 virus). A third PEDV-naive piglet at 17 days of age was inoculated with the diluted SIC containing 1,000 PFU of the P2 virus. At 10 dpi, the third piglet was euthanized, and the SIC were collected. Total RNA of the SIC was extracted using an RNeasy minikit (Qiagen, Germany). The total cDNA was generated by reverse transcription using a Super Script III kit (Invitrogen, Carlsbad, CA). PCR fragments covering the complete PEDV genome were amplified using PrimeStar HiFi polymerase (TaKaRa, Japan).

To confirm the stability of the mutations in the recombinant PEDV KDKE^4A^- and KDKE^4A^-SYA- infected pigs, the coding sequences of nsp16 and the S cytoplasmic tail were amplified from the rectal swab samples collected at 16 to 20 dpi by reverse transcription followed by nested PCR using PrimeStar HiFi polymerase (TaKaRa, Japan). The Sanger sequencing was performed by the Genomics Shared Resource at The Ohio State University.

Plaque assay and growth curves. {#s4.8}
-------------------------------

For plaque assay, monolayers of Vero cells were inoculated with 10-fold serially diluted recombinant PEDVs for 1 h in the presence of trypsin (10 μg/ml). Then, the inocula were removed and the Vero cells were washed twice with PBS. The cells were overlaid with agarose-minimal essential medium (MEM) mixture supplemented with trypsin and TPB. The growth curves of PEDV in Vero cells were determined by inoculation of monolayers of cells with each of the recombinant PEDVs at an MOI of 0.005 or 1. After 1 h of adsorption, the inocula were removed, and the cell monolayers were washed twice with PBS. Maintenance medium containing trypsin and TPB was added to the cell culture. The total number of viruses (intracellular and extracellular) of each sample was determined after freezing and thawing the cultures once at appropriate time points. The infectious titers of viral samples were determined by plaque assays. The growth curve of PEDV in IPEC-DQ cells (MOI = 1) was determined by a similar procedure and titrated by the TCID~50~ method.

IFN-β sensitivity assay. {#s4.9}
------------------------

Vero cells were cultured in medium supplemented with different concentrations of IFN-β for 18 h prior to PEDV inoculation. After removal of the medium and washing the cells with PBS three times, the cells were inoculated with recombinant PEDVs at an MOI of 0.01 and cultured for an additional 24 h. The supernatants and cells were frozen at −80°C. After freezing and thawing once, the samples of one PEDV mutant collected at different time points were titrated simultaneously by plaque assays.

RNA isolation, reverse transcription, and real-time RT-qPCR. {#s4.10}
------------------------------------------------------------

For gRNA and sgmRNA detection, Vero cells were inoculated with recombinant PEDVs at an MOI of 1 for 10 h. Total cellular RNA was isolated using an RNeasy minikit (Qiagen, Germany). Positive-sense viral RNA was reverse transcribed with gene-specific reverse primers using Moloney murine leukemia virus (MMLV) reverse transcriptase (Promega, Madison, WI). The cDNA was subjected to quantitative PCR using TaqMan qPCR reagents (Qiagen, Germany). The gRNA was amplified with forward primer (TGAAGCCGTCTCATACTATTCTG), reverse primer (AATCCCTCAACAGTGTCAGC), and probe (6-carboxyfluorescein \[FAM\]-TGCAATGCCGTTTCGTGTCCTTC-black hole quencher \[BHQ\]). sgmRNA-N was amplified with forward primer (CTCTTGTCTACTCAATTCAACTAAACAGAAAC), reverse primer (CCAGTATCCAATTTGCTGGTCC), and probe (FAM-TCAGGATCGTGGCCGCAAAC-BHQ). sgmRNA-3 was amplified with forward primer (CTATCTACGGATAGTTAGCTC), reverse primer (CTGTGTCAATCGTGTATTG), and probe (FAM-ACATCACTGCACGTGGAC-BGH). Copy numbers of each amplicon were determined by standard curves and normalized with the mass of total cellular RNA. sgmRNA-N was also detected in the sample as a control. Both sgmRNAs are reported as copies per 10^8^ copies of gRNA. For cellular IFN mRNA detection, IPEC-DQ cells were inoculated with recombinant PEDVs at an MOI of 1. Total cellular RNA was isolated, and cellular DNA was removed by treating the RNA with DNase I (Qiagen). One microgram of total RNA was reverse transcribed using MMLV reverse transcriptase and random primers. The cDNA was subjected to quantitative PCR using SYBR green PCR mix (Life Technologies, Carlsbad, CA) according to the manufacturer's instructions. The primer sequences were described previously ([@B37], [@B52]). The β-actin gene was used as an internal control. The threshold cycle (*C~T~*) values for target genes and the differences in their *C~T~* values (Δ*C~T~*) were determined. Relative transcription levels of target genes are presented as fold changes relative to the respective controls using the 2^-ΔΔ^*^CT^* threshold method ([@B74]).

Statistical analysis. {#s4.11}
---------------------

Statistical analyses were performed using GraphPad Prism 6.0. The data in [Fig. 4C](#F4){ref-type="fig"} and [6C](#F6){ref-type="fig"} and [E](#F6){ref-type="fig"} are shown in box-and-whisker plots with individual values. Comparisons of means of groups in these figures, the tables, and [Fig. 2C](#F2){ref-type="fig"} and [E](#F2){ref-type="fig"} and [5B](#F5){ref-type="fig"} were analyzed by one-way analysis of variance (ANOVA) followed by Tukey's multiple-comparison test. Groups at the same time point with significant differences (*P* \< 0.05) are indicated by different letters. The data in [Fig. 2B](#F2){ref-type="fig"}, [F](#F2){ref-type="fig"}, [H](#F2){ref-type="fig"}, and [G](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"} were analyzed by one-way ANOVA followed by Dunnett's multiple-comparison test by comparing each group with the icPC22A group at the same time point. The data in [Fig. 4E](#F4){ref-type="fig"} and [F](#F4){ref-type="fig"} were analyzed by Student\'s *t* test by comparing each mutant group with the icPC22A group. The data in [Fig. 4A](#F4){ref-type="fig"} and [6A](#F6){ref-type="fig"} were analyzed by log rank test.
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